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Highly efficient visible light active Cu-ZnO/S-g-
Cz:N4 nanocomposites for efficient photocatalytic

degradation of organic pollutants+

Mohsin Javed,*® Muhammad Azam Qamar, £ *2 Sammia Shahid,® Hashem O. Alsaab®

and Salma Asif®

The photocatalytic activity of photocatalysts is severely hampered by limited visible light harvesting and

unwanted fast recombination of photogenerated e~ and h*. In the current study, the photocatalytic
efficiency of Cu—Zn0O/S-g-C3sN,4 (CZS) nanocomposites was investigated against MB dye. The composite
materials were designed via chemical co-precipitation method and characterised by important analytical

techniques.

Distinctive heterojunctions developed between S-g-CsN, and Cu-ZnO in the CZS

composite were revealed by TEM. The synthesized composites exhibit a huge number of active sites,

a large surface area, a smaller size and better visible light absorption. The considerable enhancement in
the photocatalytic activity of CZS nanocomposites might be accredited to the decay in the e—h pair
recombination rate and a red shift in the visible region, as observed by PL and optical analysis,
respectively. Furthermore, the metal (Cu) doping into the S-g-CzN4/ZnO matrix created exemplary

interfaces between ZnO and S-g-C3Ng,

and maximized the photocatalytic activity of CZS

nanocomposites. In particular, CZS nanocomposites synthesized by integrating 25% S-g-CsN4 with 4%
Cu-ZnO (CZS-25 NCs) exhibited the 100% photocatalytic degradation of MB in 60 minutes under
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sunlight irradiation. After six cycles, the photocatalytic stability of CZS-25 NCs was excellent. Likewise,

a plausible MB degradation mechanism is proposed over CZS-25 NCs based on photoluminescence and
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1. Introduction

Waste industrialization and subsequent pollution are certainly
among the significant problems the world faces presently.
Human activities have evolved different substances such as
metal ions, organic pollutants, and pesticides, becoming
a major threat for living beings. These organic pollutants need
to be degraded to lower their impact on the environment
because they tend to be toxic. Primarily, water pollution
demands focus urgently. Semiconductor photocatalysis can be
an excellent solution to the severe problem of pollution.*” To
date, numerous metal oxides, such as ZnO, WO3;, In,03, SnO,,
Cu,O and TiO,, have been used for the photocatalytic degra-
dation of contaminants.?>** Because of its low cost, outstanding
stability, high yield, and good optical properties, ZnO is
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reactive species scavenger test observation. The current research supports the design of novel
composites for the photocatalytic disintegration of organic contaminants.

a potential photocatalyst."*> Unfortunately, the light absorp-
tion of ZnO is mainly limited to the UV region, and it has almost
no visible light response due to its large bandgap (~3.37 eV).">**
Moreover, ZnO has some issues, such as low charge separation
and photocorrosion. These problems have hindered the prac-
tical applications of ZnO in photocatalysis.® Different tech-
niques, including doping with ions and composite formation
with semiconductors, were employed to overcome the inherent
deficiencies of ZnO.'*"” Metal ion-doped ZnO has improved
visible light absorption and photocatalytic activity.'®>" Various
transition elements, such as Ni, Fe, Cr, Mn, and Cu, have been
used to elevate the photocatalytic efficiency of ZnO.** Cu is
thought to be the most effective metal ion dopant for improving
the photocatalytic competence of ZnO. Cu-doping produces
defects in the ZnO lattice, and improves the optical and elec-
trical properties. The Cu-doped ZnO with corn seed morphology
exhibited 3.5 times better methyl orange photocatalytic degra-
dation than pure ZnO.* Vaiano et al. reported the complete
oxidation of As() to As(v) within 120 minutes by Cu-doped ZnO
nanoparticles under sunlight.>® The photocatalytic efficiency of
Cu-ZnO/TiO, was assessed against MO dye under sunlight, and
3% Cu-ZnO/TiO, NPs exhibited approximately 28.3 and 12
times better catalytic efficiency than TiO, and ZnO/TiO,,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively.* Researchers found that oxygen vacancies and
carbonaceous species increased the photocatalytic activity of
ZnO. Oxygen vacancies can reduce the bandgap energy of ZnO
by forming shallow levels of oxygen vacancies that partially
overlapped the ZnO valence band. Furthermore, the creation of
additional levels below the conduction band (CB) of ZnO can
narrow the band gap.”® Carbon species, including multi-wall
carbon nanotube, g-C;N, and graphenes, when incorporated
with ZnO, acted as both photo-sensitizers and stabilisers.

It is widely known that modifying ZnO with a suitable semi-
conductor, such as g-C3N,, can effectively inhibit the electron-
hole recombination and improve the photocatalytic activity. g-
C;N,, as a polymeric semiconductor, has remarkable stability,
good mechanical, thermal, optical, and electrical properties, and
cost-effectiveness.” It has proper absorption in the visible region
(up to 450 nm), and an appropriate bandgap (~2.7 eV) that
makes it a potential photocatalyst for water splitting and pollu-
tion degradation.”” Conversely, the pristine g-C;N, has some
intrinsic limitations, such as relatively lower quantum efficiency
and inadequate visible light absorption.”® As a result, the pho-
tocatalytic effectiveness of g-C3N, in its pure form is insufficient
for practical use. To boost the photocatalytic activity, the bandgap
of g-C;N, can be lowered by doping with sulfur. The S-doping
modifies the bandgap of g-C;N, by stacking its 2p orbitals on the
VB of bulk g-C;N,, and improves the e-h pairs’ mobility and
separation. Hong et al. detailed that a better photocatalytic H, (30
times) was produced by mesoporous S-g-C;N, than pristine g-
C3N,.» Wang et al. stated that S-g-C;N, exhibited a nearly 1.38 times
better photocatalytic CO, reduction rate than pristine g-C3N,.* In
another study, porous S-g-C;N, showed improved adsorption and
photocatalytic degradation of rhodamine B dye compared to pure g-
C;N, under visible light.** Theoretically and experimentally, it has
been recognized that S-doping has revised the g-C;N, structurally,
reduced its E, value, and improved its e-h pair separation effi-
ciency.* To boost the photocatalytic activity of ZnO/g-C3N,, we used
the concept of the coordinated action of both non-metal (sulphur)
doped g-C;N, and metal (Cu) doped ZnO in the nanocomposites.

So, it looks vital to combine the S-g-C;N, and Cu-ZnO NPs to
produce a hybrid composite (S-g-C3N,/Cu-ZnO) with excellent
catalytic properties. In the study, a series of S-g-C3N,/Cu-ZnO
nanocomposites (NCs) was made by physical mixing of variable
amounts of S-g-C;N, with Cu-ZnO NPs, and the photocatalytic
efficiency of the resultant ternary composites was investigated
against the MB dye. The comparative photocatalytic MB

Table 1 Contents and synthesis conditions of Cu-ZnO NPs
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degradation by S-g-C3N,/Cu-ZnO NCs indicates that the heter-
ojunction with ratio (3:1 = S$-g-C3N,: Cu-ZnO) exhibited
a maximum of 97% degradation of dye in 60 minutes. Due to
the hybridization of diverse materials, more and more active
sites are produced, which increases the e-h pairs separation
and catalytic efficiency of the composites.

2. Materials and methods
2.1 Materials

Analytical grade thiourea ((NH,),CS, =99.5%), copper nitrate
trihydrate  (Cu(NOs),-3H,O, 99%), methylene blue
(C16H18N3SCl, =99.0%), zinc nitrate hexahydrate (Zn(NOj),-
‘6H,0, 99%), ammonia solution (25%), ammonium oxalate
(CHgN,04, =99.0%), ethanol (C,HsOH), isopropanol (C3HgO,
=99.9%), and benzoquinone (C¢H,0,, 99.5%) were bought
from Merck and consumed without any purification.

2.2 Synthesis of ZnO NPs

ZnO and Cu-doped ZnO nanoparticles (NPs) were prepared via
the co-precipitation mode.*® For the synthesis of ZnO, sodium
hydroxide solution (4 M) was added dropwise into 0.04 M
solution of Zn (NO3),-6H,0 (2.97 g/250 ml) with constant stir-
ring. At pH = 11, the white precipitates yielded were washed
with ethanol/DI water, and then allowed to dry at room tempera-
ture. Finally, calcination of the precipitate was carried out in
a muffle furnace at 450 °C for 3 h to achieve ZnO NPs (with heating
rate: 5 °C min~ ). Similarly, Cu-ZnO NPs with various loadings of
Cu (1%, 2%, 3%, 4%, and 5%) were synthesized by following the
same co-precipitation method.*® To fabricate 1% Cu-ZnO NPs,
0.029 grams of Cu(NO;), - 3H,0 were dissolved in 80 ml of DI water
by constant stirring and heating gently. Then, the Cu precursor
solution was added to 0.04 M Zn (NOs), - 6H,0 solution. Then, the
Cu-ZnO white precipitates were obtained by adding 25%
ammonia solution. The final 1% Cu-ZnO NPs were obtained by
repeating the steps, as previously described for the synthesis of
ZnO. In the same way, (2%, 3%, 4%, and 5%) Cu-ZnO NPs were
prepared. The synthesis conditions of the Cu-ZnO NPs with
compositions are tabulated in Table 1.

2.3 Synthesis of sulphur-doped g-C;N, (S-g-C3N,4)

S-g-C3N, was fabricated by heating thiourea at 3 °C min™" to

550 °C for 5 hours in a muffle furnace (direct low-temperature

wt% ratio

MB dye degradation

S. no. Nanoparticles Cu(NO3),-3H,0 Zn(NO;),-6H,0 (%) (after 105 min)
1 ZnO 0 100 53
2 1% Cu-ZnO 1 99 55
3 2% Cu-ZnO 2 98 63
4 3% Cu-ZnO 3 97 76
5 4% Cu-ZnO 4 96 82
6 5% Cu-ZnO 5 95 61

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diagrammatic illustration of the synthesis of 4% Cu-ZnO/S-g-CsN4 composites.

thermal condensation).** The S-g-C3N, so-attained was in the
form of a yellowish porous product (Fig. 1).

2.4 Synthesis of S-g-C3N,/Cu-ZnO nanocomposites

The maximum MB photodegradation was exhibited by the 4%
Cu-ZnO NPs in the photocatalytic degradation experiment of
MB by (0, 1, 2, 3, 4 & 5%) Cu-ZnO NPs. Then, the 4% Cu-ZnO
NPs were mixed with diverse amounts of S-g-C3N, to yield
ternary nanocomposites (NCs). Then, the ternary composite
with a (1 : 1) ratio was prepared by mixing and stirring 0.1 g of
4% Cu-ZnO NPs and 0.1 g of S-g-C3N, in 50 ml of ethanol. The
final (1 : 1) composite was obtained by evaporating ethanol in
sunlight. By following the same process, the 4% Cu-ZnO/S-g-
C3N, composites in (1:3), (1:5), and (3:1) ratios were
prepared. Similarly, the ZnO/S-g-C;N, composite was synthe-
sized for comparative photocatalytic study. The detailed
composition and the resultant catalytic efficiency of the 4% Cu-
Zn0/S-g-C3N, NCs are given in Table 2.

2.5 Characterization

The XRD (Bruker AXS, D8-S4) approach was employed to iden-
tify the structure of the fabricated catalysts, and the morphology
of the fabricated catalysts was detected by SEM (Hitachi, S-
4800). The elemental composition was recognised with EDS. A
UV-vis-NIR diffuse reflectance spectrophotometer was used to
study the photocatalytic and UV-visible absorption spectra (UV-
770, Jasco). Functional groups were measured using an FT-IR
spectrometer (Perkin 400 FT-IR).

2.6 Photocatalytic activity

Photocatalytic study of the photocatalysts was accomplished
under sunlight by observing the photocatalytic degradation of
the MB dye. 0.05 g of each photocatalyst was added to 50 ml of
dye solution (10 mg L™") during the MB photocatalytic degra-
dation experiment. Prior to conducting photocatalysis, each
catalyst suspension was stirred for 0.5 hours to reach adsorp-
tion equilibrium between the catalyst and dye under dark

Table 2 Composition of 4% Cu—-ZnO/S-g-CsN4 nanocomposites and their corresponding photocatalytic activities

wt% ratio of heterostructures

(S-g-C3N, : Cu@ZnO)

S. no. Nanocomposites S-g-C3N, 4% Cu@ZnO ratio Sample abbreviations
1 4% Cu-ZnO/S-g-C;N, 50 50 (1:1) CZ5-50

2 4% Cu-ZnO/S-g-C5N, 75 25 (3:1) CZ8-75

3 4% Cu-ZnO/S-g-C3N, 83.33 16.67 (5:1) CZ5-83

4 4% Cu-ZnO/S-g-C3N, 25 75 (1:3) CZ5-25

5 S-g-C3N, 100 00 (1:0) SGN

6 4% Cu-ZnO 00 100 (0:1) 4-CZN

7 ZnO/S-g-C3N, VA
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© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07203j

Open Access Article. Published on 19 November 2021. Downloaded on 11/23/2025 5:27:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

conditions in a customized quartz reactor. Then, each sample
was provided with sunlight to start the photocatalytic degra-
dation of MB, and 5 ml aliquots were taken out after specific
intervals. The dye catalysis was performed under solar radiation
at ambient conditions (68-73 k lux). The taken aliquots were
centrifuged (@9000 rpm) for 9 minutes to remove any sus-
pended particles, and then scanned on an ultraviolet-visible
spectrophotometer. Then, each photocatalyst's percent dye
degradation (D%) was estimated by using the equation below:

D% = ((Cy — C)ICy) x 100 (1)

View Article Online

RSC Advances

where C, and C are the initial and any time (t) concentrations of
MB, respectively.

3. Results and discussions

3.1 Morphological and compositional analysis

Fig. 2a and b show the surface morphology of the synthesized
ZnO and 4-CZN catalysts, as examined by the SEM technique. In
the SEM image of ZnO, several nanosheets are arranged to build
flower-like 3D shapes (Fig. 2a). In Fig. 2b, the stacked thin sheet
morphology of the 4-CZN is exhibited. The SGN morphology

of typically

consisted curled two-dimensional sheets

Fig. 2

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a—d) SEM morphology of the ZnO (a), 4-CZN (b), SGN (c) and CZS-25 (d) composites, and EDS spectra of ZnO (e) and CZS-25 (f) samples.

RSC Adv, 2021, N, 37254-37267 | 37257


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07203j

Open Access Article. Published on 19 November 2021. Downloaded on 11/23/2025 5:27:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC Advances

agglomerated to form bulk structures (Fig. 2c). The ternary CZS-
75 photocatalyst displayed a porous, semi-round, sponge-like
heterostructure with agglomeration (Fig. 2d). It is acclaimed
that such heterojunction morphology increases the surface
area, active sites, and corresponding photocatalytic activity of
the material. Furthermore, the structural morphology of the
catalysts was examined by TEM, as shown in Fig. 3a-d. The TEM
images reveal the nanosized structures of ZnO and 4-CZN NPs,
respectively, as shown in Fig. 3a and b. The ZnO and 4-CZN NPs
show varying diameters (10-30 nm). The TEM images of ZS
manifest the existing junction between the ZnO NPs and SGN
sheets, as shown by Fig. 3c. The 4-CZN NPs are dispersed over
the delicate sheets of SGN to design the CZS-25 heterostructure,
as shown by Fig. 3d. The SGN soft sheets engross the 4-CZN NPs,
which form the basis to reinforce the NPs and increase the pho-
tocatalytic efficiency of the resultant composite. The EDX analysis
of the prepared materials was performed to identify their chemical
elemental composition. Fig. 2e exhibits the EDX spectrum of ZnO
NPs, which consists of only Zn and O elemental peaks. The EDX
spectrum of the g-C;N,/Cu-doped ZnO composites contain C, N, S,
Zn, O and Cu elemental peaks (Fig. 2f), and thus shows the purity
of the synthesized composites.

View Article Online

Paper

3.2 XRD analysis

The purity and phase of the produced samples were investigated
using XRD analysis. The XRD patterns of SGN, ZnO, 4-CZN, ZS,
and CZS-25 are shown in Fig. 4a. The presence of the decisive
peaks in XRD pattern of SGN at 27.4° corresponds to the crystal
planes of (100) that endorse the existence of nanosheets in
pristine SGN samples.*® The characteristic diffraction peaks for
ZnO appeared at 260 values of 32.06°, 35.0°, 36.98°, 48.01°,
57.03°, 63.05°, 69.0° and at 70.04°, which stand for the crystal
planes of (100), (002), (101), (102), (110), (103), (112) and (201).
The observed peaks are in complete consonance with the
standard XRD pattern of the hexagonal wurtzite structure of
ZnO (JCPDS 00-036-1451).*® The two-phase composition of the
ZS and CZS-25 composites is endorsed by the co-existence of the
characteristic diffraction peaks of 4-CZN and SGN in the cor-
responding XRD patterns.*” In the XRD patterns of the CZS-25
and 4-CZN samples, a pronounced reduction in intensity and
slight shifting of the major peaks ((100), (101)) towards the
lower angle is noticed, which verify the effective metal (Cu) ions
doping into ZnO and incorporation of 4-CZN with SGN
(Fig. 4b).*® In addition, a general broadening in the 4-CZN and

Fig. 3 TEM images of (a) ZnO, (b) 4-CZN, (c) SGN and (d) CZS-25 composites.
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Fig. 4 (a and b) XRD pattern of ZnO, 4-CZN, ZS, SGN and CZS-25 composites.

SGN peaks and the shift towards the lower angle particular at
(002) was noticeable mainly due to Cu doping.*

3.3 FTIR analysis

FTIR spectroscopy was used to characterize the functional
groups and the chemical composition of the ZnO, 4-CZN, CZS-
25, CZS-50, and CZS-75 samples (Fig. 5). The peaks occurring
in ZnO NPs and 4-CZN, from 400 cm ™' to 500 cm ™', represent
the metal oxide bond (Zn-0), while the peaks from 780 cm™* to
980 cm ™" appear due to metal peroxides (M-O-O-M).* A broad
band at around 3350 cm ! in the prepared samples is due to the
stretching vibration of the -O-H bonds.*" In the CZS-25, CZS-50,
and CZS-75 composites, several strong stretching bands are
detected in the 1220-1630 cm™ ' region, which is ascribed to the
heptazine repeat units of g-C;N,.*> The peaks in composites at
807 cm™' and about 3145 cm™ ' are attributed to the N-H
stretching frequency and the tri-s-triazine units, respectively.*>**
The presence of the corresponding peaks of g-C;N, and ZnO in

—\/——Mﬁ\/\"’\

— CZS-50
— CZS-25
— CZS-75
ZnO
——4-CZN

% Transmittance (a.u)

— 77T
4000 3500 3000 2500 2000 1500 1000

Wavelength (nm)

Fig. 5 FTIR analysis of the ZnO, 4-CZN, CZS-25, CZS-50 and CZS-75
composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry

the CZS-25, CZS-50, and CZS-75 samples validated the purity
and successful formation of the composites.**

3.4 Optical properties

UV-visible diffuse reflectance spectroscopy was used to examine
the optical properties of the produced catalysts (Fig. 6). The
absorption band for pure ZnO was observed at 385 nm, indi-
cating that ZnO NPs are unresponsive to visible radiation due to
their high-energy bandgap. For 4-CZN NPs, there is a slight
enhancement in visible light harvesting, which is congruent
with their decreased bandgap energy (3.09 eV). In contrast to
ZnO, SGN has an absorption edge at 460 nm. The absorption of
the SGN exhibits an improvement because of sulfur doping into
g-C3N, that corresponds well with its observed bandgap energy
of 2.60 eV and improved photocatalytic efficiency. Equally, the
CZS-25 photocatalyst demonstrated outstanding visible-light
absorption, inferring its enriched photocatalytic action under
sunlight. Compared to pure ZnO and SGN, the ZS and CZS-25
NCs showed better absorption in the visible area (red-shift).

Absorbance (a.u)

500 550 600 650
Wavelength (nm)

% LJ L L}
350 400 450 700

Fig.6 UV-vis DRS absorption spectra of the ZnO, 4-CZN, ZS and CZS-
25 composites.
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Table 3 Energy bandgap of ZnO, 4-CZN, S-g-CsN4, ZS and CZS-25

S. no. Sample Bandgap (eV)
1 ZnO 3.22
2 4-CZN 3.09
3 S-g-C3Ny 2.60
4 ZS 2.87
5 CZS-25 2.54

Table 3 lists the bandgap energies of the fabricated materials
calculated using Tauc's relation.*®

3.5 PL analysis

Photoluminescence (PL) spectroscopy is a common method
being used to probe the charge separation capacity of the photo-
excited (e-h pairs) in the photocatalytic materials.*® The pho-
toluminescence emission spectra of the produced catalysts
observed at the excitation wavelength of 365 nm are shown in
Fig. 7. The SGN has a prominent emission peak at 460 nm,
indicating a high frequency of e-h pairs recombination.
Compared with that of ZnO, the PL intensity of 4-CZN showed
a significant drop, which can be attributed to the origin of
certain trapped states and decreased density of intrinsic
defects.*” In addition, compared with the bare SGN, there is
a drop in the PL peak intensity of ZS, which is attributed to the
formation of a ZS heterostructure, zinc defects and surface
oxygen vacancies.*® The strong conjugation between the SGN
sheets and 4-CZN NPs resulted in a low PL peak of the CZS-25
heterostructure. The interfacial transfer of charge (electrons)
between ZnO and g-C;N, might be responsible for the dimin-
ished PL peak and substantially decreased rate of e-h pairs
recombination in the CZS-25 NCs. As cited in the previous
literature, the doped transition metal assists the transfer of
charge between ZnO and g-C;N, in CZS NCs.* Thus, in the CZS-
25 nanocomposites, the photo-excited electrons were effectively

Intensity (a.u)

7S-25

e ——
CZS-25

T T
500 600

Wavelength (nm)

I
400
Fig. 7 PL analysis of the ZnO, 4-CZN, ZS and CZS-25 composites.
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Table 4 Nitrogen physisorption data of ZnO, 4-CZN, S-g-CsNy, ZS-
25 and CZS-25

Surface area Average pore Pore volume

Sample (m*g™) width (A) (em®g™)
ZnO 6.33 138.12 0.04
4-CZN 15.39 1141.22 0.06
ZS 26.24 170.10 0.09
CZS-25 63.44 84.59 0.12

conducted and used up in ROS production. Thus, the degree of
e-h pairs recombination in CZ-25 is repressed, and its photo-
catalytic activity is improved.

3.6 Surface area analysis

The prepared catalytic materials’ surface area and pore volumes
were estimated using the BET method via the N,-adsorption
technique. Table 4 lists the surface area of the materials
calculated via the N, adsorption-desorption technique.
Compared to the other photocatalysts, the CZS-25 composite
has the greatest surface area and a large pore volume. The Cu
dopant inserted between the ZnO and SGN sheets might be
responsible for the observed largest surface area of the CZS-25.
Greater surface areas are thought to provide more active sites,
allowing photocatalysts to absorb a greater number of
contaminants on the surface. As a result, the CZS-25 may be
likely to absorb and decompose the greatest amount of
contaminants compared to other samples.*>**

3.7 Photoactivity

Fig. 8a and b shows the photocatalytic activity of ZnO and Cu-
doped ZnO NPs (1-5%) against MB under sunlight. The
sample-dye solutions were kept under dark for 1 hour before the
photocatalysis to attain an adsorption-desorption equilibrium.
The photocatalytic degradation rate of the MB dye and
absorption graph of samples is shown in Fig. 8b. Maximal
adsorption was achieved by 4-CZN NPs (16.7%), as compared to
other samples (Fig. 8b).

The photocatalytic degradation of the MB solution was
initiated by irradiating the sample-dye solutions, and Fig. 8a
depicts the corresponding dye degradation behaviour of the
photocatalysts. From the spectral graph, there is a gradual
decline in dye degradation with time for all of the samples. 4-
CZN NPs exhibit the maximum photocatalytic degradation of
MB (82%) after 105 minutes (Fig. 8b), and this better photo-
catalytic activity of 4-CZN might happen due to the formation of
additional trapping sites in 4-CZN due to optimum Cu doping
into ZnO. These trapping sites (defects) minimize the e-h pair
recombination by improving the induced charge carriers' life-
time and improving the dye degradation rate.*?

As the photocatalytic efficiency of 4-CZN NPs against MB is
not ideal, these NPs were coupled with variable concentrations
of SGN to form nanocomposites (4% Cu-ZnO/SGN) with better
photocatalytic efficiency. The detailed composition of the
resultant NCs and their abbreviations are given in Table 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Photocatalytic efficiency (a) and % degradation of MB (b) by ZnO and (1, 2, 3, 4, and 5 wt%) Cu—-ZnO nanoparticles.

Fig. 9a reveals the photocatalytic activity of synthesized mate-
rials (SGN, 4-CZN, ZS, CZS-25, CZS-50, and CZS-75) against MB
under sunlight. Before sunlight exposure, an adsorption—
desorption equilibrium was achieved to explore the adsorption
aptitudes of the samples by keeping each under dark for 60
minutes. Variable concentrations of MB were adsorbed by the
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fabricated materials, as given in Fig. 9a. The CZS-25 NC
exhibited the maximum adsorption, as compared to other
samples, because of its higher surface area and maximum pore
size (Table 4).°

Remarkably, the 4% Cu-ZnO/S-g-C;N, sample revealed an
improved photocatalytic degradation of MB compared to the

% MB Degradation by Cu@Zn0/S-g-C;N, Nanocomposites

(b)

Fig.9 Degradation rate (a), % degradation (b), and kinetic characteristics of MB under sunlight (c) by 4-CZN, ZS, SGN, CZS-25, CZS-50 and CZS-

75 composites.
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Table 5 Photocatalytic efficiency of 4% Cu—-ZnO/S-g-CsN4 and some previous photocatalysts

Irradiation

S. no. Composite Organic pollutant Light source time (min) Percent degradation Ref.

1 Cu doped ZnO/Cu/g-C3N, MB Visible 60 98 64

2 Mn-ZnO/RGO RhB Visible 140 99 65

3 Ag-doped g-C3N, MB Xe lamp 120 96 66

4 ZnO/Fe;0,/g-C;N, MO Visible 150 97.87 67

5 Cu-TiO, MB Xe lamp 120 99 68

6 2-C3N,@Ag,Z10; RhB Visible 120 99.70 69

7 Mn-ZnO/CSAC BG Solar 120 97.47 70

8 CZS-25 MB Solar 90 93 Current study

SGN, 4-CZN, and ZS samples. The dye degradation rate for CZS-
25 NC approaches 78% as compared to CZS-50 NC (62%) and
CZS-75 NC (58%) after 60 minutes of sunlight illumination
(Fig. 9a). Furthermore, the dye degradation rate of CZS-25 NC
reached up to 93% after 90 minutes, as given by the bar graph in
Fig. 9c. The enhanced dye degradation by the CZS-25 NC might
be ascribed to the better charge separation. The fast charge
transfer and enriched visible light absorption by CZS-25 NC are
ascribed to the coupling of Cu-ZnO with SGN.***” The electronic
and optical properties of ZnO and SGN are significantly
improved by Cu ion doping.**** It might be the reason for the
maximum photocatalytic efficiency of CZS-25 NC compared to
the other synthesized composites.

From Fig. 9c, it is evident that the kinetics of the photo-
catalytic degradation of MB by NCs is pseudo-first-order. The
value of k was calculated from the plot In(C/C,) vs. time ¢, as
shown in Fig. 9c. The largest rate constant, 0.0334 min ", is
found for CZS-25 NC because it decolorized the MB in 90
minutes. The “k” value of the ternary CZS-25 NC for MB
degradation is almost 3 times greater than the “k” value of SGN
(0.011 min~") and 5.5 times more than that of 4-CZN
(0.006 min~"). The order of the k values for the fabricated
materials is as follows: CZS-25 NC (0.0334 min~ ') > CZS-50 NC
(0.0210 min~") > CZS-75 NC (0.0171 min~") > ZS NC
(0.0134 min~") > SGN (0.011 min ") > 4-CZN (0.006 min ). The
maximum rate constant value observed for CZS-25 NC indicated
that the synergistic effect between SGN, Cu, and ZnO has
improved the number of active sites, and correspondingly
enhanced the photocatalytic efficiency against MB dye.>**
Nonetheless, as the quantity of S-g-C3;N,; in CZS NCs was
increased beyond 25%, the photocatalytic performance of CZS
NCs consistently decreased. This effect is consistent with
previous findings, which show that as the constituent content
surpasses the optimum value, the photocatalytic efficacy of the
type-II nanoheterostructures decreases.>*

The previous literature revealed that the photocatalytic effi-
ciency of Cu-doped g-C3;N, and Cu-doped ZnO had been
enhanced due to their improved charge carrier transportation,
reduced particle size, and modified energy structure.’®* In
addition, the photocatalytic efficiency of the CZS-25 NC is
practically higher compared to the previously reported studies,
as presented in Table 5.°*7° Hence, the CZS-25 NC is the most

37262 | RSC Adv, 2021, 1, 37254-37267

effective composite for the photocatalytic dye degradation and
was further employed for the recycling study.

3.8 Reusability and stability of the CZS-25 composite

As the durability of the photocatalyst under repetitive photo-
catalytic processes is essential for practical applications, the
stability of the CZS-25 NCs was thus studied by MB dye degra-
dation experiment up to six runs. As given in Fig. 10a, the CZS-
25 NCs kept up the dye degradation rate, and no marked decline
in catalytic efficiency was seen even after the twelfth consecutive
cycle. Additionally, no marked change in XRD results of the
CZS-25 NCs was detected after the twelfth cycle (Fig. 10b).
Hence, the CZS-25 photocatalyst can be taken as a stable pho-
tocatalyst to be applied under sunlight.
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Fig. 10 The stability (@) XRD analysis (b) of CZS-25 after the 6th cycle.
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No Scavenger

Fig. 11 Effect of scavengers on the photocatalytic degradation of MB
by the 4% Cu-Zn0O/S-g-C3N4 composite.

Table 6 Dye degradation inhibition of 4% Cu-ZnO/S-g-CsN4 by
employed scavengers

Trapping agents Captured species % inhibition
Ammonium oxalate h* 17
Benzoquinone 'Oy 95
Isopropanol ‘OH 65
No trapping agent No capturing 00

3.9 Radical trapping experiments

To investigate the feasible dye degradation mechanism by the
CZS-25 NC, it is critical to recognize the leading ROS for the
photocatalytic degradation of MB. The photogenerated ROS
produced during the dye degradation was captured by applying

View Article Online
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the important scavengers. The observed scavenger effect on the
photocatalytic degradation of MB has been tabularized in Table
6 and given by Fig. 11.

These observations validate that the primary species
involved in the photocatalytic degradation of MB are ‘O®" and
'OH. Simultaneously, the holes with a 17% inhibition effect are
the least effective active species for catalytic dye degradation.

3.10 Mechanism

The proposed photocatalytic MB degradation mechanism over
the CZS-25 photocatalyst under sunlight radiation is depicted in
Fig. 12. When CZS-25 NC is irradiated, e-h pairs are produced
by sulphurized g-C;N, and Cu-doped ZnO. The electrons from
the valence band (VB) of ZnO and SGN are excited to the cor-
responding conduction band (CB). Then, these electrons from
the CB of SGN are shifted to the CB of ZnO, owing to the lower
CB edge potential (—0.5 eV) of ZnO than CB potential (—1.12 eV)
of g-C3N,.”*7* The doped Cu atoms in the CZS-25 NC at the SGN
and ZnO interfaces function as mediators to transfer electrons
from SGN to ZnO, and decrease the recombination frequency of
electrons and holes. The electrons at the CB of ZnO are
consumed in the induction of superoxide radicals (O, ) by
reacting with chemisorbed O, on the surface of CZS-25 NC.
Meanwhile, the h" in the VB of ZnO are migrated to the VB of g-
C;3N, due to the lower VB potential of ZnO than the VB potential
of g-C3N,.”>”® The trapped holes on g-C;N, yield hydroxyl radi-
cals (OH") by reacting with H,0.”*”” In addition, the accumu-
lated h* in the VB of g-C;N, might directly degrade MB.”®#2 The
produced (O, and OH’) reactive species interact with the MB
molecules and decompose them by following a sequence of
redox reactions, as given by eqn (2)-(6). The better photo-
catalytic activity of the CZS-25 NC might be ascribed to the
suppressed e-h pairs recombination rate because of the

Potential (eV) Vs NHE

b Degradation
Products

© 2021 The Author(s). Published by the Royal Society of Chemistry

Degradation
Products

Zn0O

Fig. 12 A schematic MB photocatalytic degradation mechanism over the Cu@ZnO/S-g-CsN4 composite under sunlight.
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synergetic effect between g-C;N, and Cu-doped ZnO, and due to
the formation of sufficient interfaces between these two phases.

S-g-C3Ny/Cu-doped ZnO + hv — g-C3N4/Cu-doped ZnO

(e7/h") (2)

Cu-doped ZnO (e7) + O, — "O,~ (3)
S-g-C5N, + H,O/OH™ — "OH @)
‘OH/'O,” + MB — degraded products (5)
h* + MB — degraded products (6)

4. Conclusions

In conclusion, we successfully synthesized highly efficient
Cu@ZnO/S-g-C3N, photocatalysts via the chemical co-
precipitation method. The characterization of the photo-
catalysts was done by TEM, XRD, EDX, FTIR, SEM and UV-
visible, and PL spectroscopy. The comparative photocatalytic
MB degradation revealed the excellent photocatalytic efficiency
of CZS-25 NC compared to SGN, 4-CZN, ZS, CZS-50, and CZS-75
samples, and it degraded 100% of MB in 60 minutes under
sunlight illumination. The well-developed interfaces between
Cu-ZnO NPs and delicate sheets of SGN in the CZS-25 NC as
depicted by morphological characterization favoured the effec-
tive charge conduction and harvesting of visible radiations. The
improved photocatalytic activity of CZS-25 NC might be attrib-
uted to effective e-h pair separation due to the establishment of
a well-defined heterojunction among the ZnO, SGN, and Cu
ions. Overall, the present research outcomes provide us with
new insight into the synthesis of photocatalytic materials and
their applications for organic pollution degradation from
wastewater.
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